A combined thermodynamic simulation and transient conduction heat transfer through piston has been carried out in this study. In 
INTRODUCTION
It is well known that heat transfer influences internal combustion engine (ICE) performance, efficiency and emissions significantly. Cooling the cylinder wall and piston head is desired because of problems such as thermal stresses, deterioration of the lubricating oil film and knock and pre ignition. On the other hand, an increase of heat transfer to the combustion chamber walls will lower the gas temperature and pressure within the cylinder, and this reduces the work per cycle transferred to the piston.
The interest for the ICE cycle simulation has been greatly intensified in resent years because of major importance of ICE, the low cost of simulation and the fact that the simulation is a useful tool for testing engine's parameters.
Abd Alla [1] has carried out a preliminary simulation of a four stroke spark ignition engine (petrol engine). The simulation has been done assuming a closed system. The heat transfer from the cylinder, friction and pumping losses also were taken into account to predict the brake mean effective pressure, brake thermal efficiency and brake specific fuel consumption.
Farzaneh-Gord et al. [2] have developed a computer programme to simulate four stroke spark ignition engine. The simulation has been done considering intake and exhaust processes as well as compression and combustion processes. It studies the effects of different parameters on engine efficiency and proposed the optimized conditions.
Heat transfer in internal combustion engines is extremely complex, since the relevant phenomena are transient, three-dimensional, and subject to rapid oscillations in cylinder gas pressure and temperatures, while the moving boundaries of the combustion chamber add more to this complexity. Because of importance of heat transfer through engine, many studies have been carried out to investigate thermal loading at critical places in the combustion chamber components such as piston. [3] .
Yong Liu and R. D. Reitz [4] have developed a two-dimensional (axisymmetric) transient heat conduction computer program for predicting engine combustion chamber wall temperatures. They combined the wall heat conduction program with the KIVA multidimensional combustion code to obtain accurate wall distribution temperature. They concluded that in cylinder wall surface temperature are different in various places.
Rakopolus et al. [5] have carried out a combined experimental and theoretical investigation of the interesting phenomenon of short term response (cyclic) temperature transients in the combustion chamber walls of a direct injection, air-cooled, four-stroke, diesel engine. Comparison and careful observation of the experimental and theoretical results facilitated to investigate the phenomenon further, providing insight into many interesting aspects of transient engine heat transfer, as far as the influence of engine operating conditions is concerned.
Typically 20-35 percent of the fuel energy passes to the engine coolant. With rich mixture in spark ignition engines, as little as 15% of the fuel energy looses due to heat transfer, but with spark ignition engines at low loads a much higher proportion (over 40%) of the fuel energy passes to the coolant [6] . Thus efficiency is affected by the magnitude of engine heat transfer.
The combustion chamber of an internal combustion engine is enclosed by the cylinder wall, head, and piston. Generally, the temperature distributions are
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Combined simulation of spark ignition internal combustion engines and heat conduction within piston different for each surface. In most studies the surface temperature is assumed to be a constant [7] . This is not consistent with the actual situation occurring in the chamber.
The piston is one of critical places in term of thermal load as no effective way of cooling exists in reality. In order to obtain the temperature distribution in a typical ICE piston, a combined thermodynamic simulation and transient conduction heat transfer through piston has been done in this study. For this purpose a computer programme written in fortran programme language has been developed. The thermodynamic simulation was based on first law of thermodynamics in which the combustion chamber was assumed an open system. The simulation has been carried out for full cycle (720 degree of crank angle) so the intake and exhaust stroke has been modelled. One dimensional transient conduction heat transfer equation was solved numerically in order to obtain temperature distribution through piston. The engine simulator and heat conduction solver has been coupled to predict in cylinder properties and piston temperature. This approach allows more accurate simulations of engine combustion and heat transfer.
ENGINE MODELING
As analytic functions cannot be used to describe engine processes, it is necessary to solve the governing equations on a step-wise basis.
The equation of state for an ideal gas is
Taking the logarithm of both sides and differentiating with respect to crank angle gives (2) For an ideal gas, the internal energy is only a function of the temperature and the combustion process is modelled as a single zone. The first law of thermodynamics can be written in differential form for an open thermodynamic system. If changes in potential energy are neglected, then
Combining equation (2) and (4) and arranging it we get
Introducing C P -C V = R and C P = C V K then rearranging equation (4) could be modified as below: (5) This equation has to be solved iteratively, and to do so, we should calculate its terms.
According to Figure 1 , the volume of the engine cylinder and the rate of its change can be expressed, respectively, by
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In which B is the cylinder internal diameter (Bore), S is the engine stroke, Cr is the engine compression ratio, a is the crank radius of the engine and r is the length of the connecting rod.
Equation (5) is valid whether or not dQ is interpreted as the heat addition due to combustion or the heat lost by the gases in the cylinder because of convection. To admit both possibilities, we can write (8) Where Q in is the total value of the heat that can be released from the combustion of the quantity, m f , of fuel. (9) Where, C fl is the lower calorific value of the fuel and η c is the combustion efficiency. Here the combustion efficiency is assumed to be constant with the value of 0.9.
The heat addition for spark ignition engines may be prescribed as the function of the crank angle. The function that is generally used for calculating mass fraction burned during combustion is weib function as in equation 10: (10) Where, θ is the crank angle, θ 0 is the start of combustion, ∆θ is the total combustion duration (x b = 0 to x b = 1). y and n are adjustable parameters. Varying y and n changes the shape of the mass fraction burned curves. Actual mass fraction burned curves have fitted with y = 5 and n = 2.
In Figure 2 for the considered model, the spark time is 25 degree before TDC and combustion duration is 50 degree.
Q l , is the heat lost due to convection in combustion chamber. It can be calculated from equation 11 as:
Where, h is the heat transfer coefficient, A is the surface area in contact with the gases, T is the in cylinder gas temperature and T W is the wall temperature.
To calculate convective heat transfer coefficient we use woschni correlation.
Where, p is instantaneous cylinder pressure, T is instantaneous gas temperature and v is the characteristic velocity of gases.
According to woschni correlation [9] , the characteristic velocity of in cylinder gas for a four stroke engine without swirl is 
The mass flow rate through a poppet valve is usually described by the equation for the compressible flow through a flow restriction. This equation is derived from one dimensional isentropic flow analysis and the real gas flow effects are included by means of an experimentally determined discharge coefficient, C D .
The mass flow rate is related to the upstream stagnation pressure P 0 and stagnation temperature T 0 , static pressure just downstream the flow restriction P T and a reference area A R characteristic of the valve design. 
For the flow into the cylinder through an intake valve, P 0 is the intake system pressure and P T is the cylinder pressure.
For flow out of the cylinder through an exhaust valve, P 0 is cylinder pressure and P T is the exhaust system pressure.
The value of C D for both intake and exhaust valves is taken 0.7 as proposed by [8] and the reference area A R is the valve head area.
The approach to determine the piston temperature distributions is deduced from the energy conservation law. In this paper, only one dimensional temperature variations in piston has been calculated. Where, is the thermal diffusivity.
Using the Dufort-Frankel method, forward difference approximation for time step and central difference approximation for grids, the explicit finite difference expression has the form (20) The temperature distribution in the solid for a cycle of engine data has to be found by iteration. The time step is fixed by the sampling rate and the thermal diffusivity is also fixed, so there will be a pre determined number of grid points for temperature distribution. In equation (20) the time step has converted to crank angle and ω is the engine speed. Preserved model for one dimensional solution and boundary condition are shown in Figure 3 . Now equation (5) can be solved iteratively using governed functions and equations of thermal parameters. The simulation has been carried out for a single cylinder, four stroke engine, in which has a bore of 100 mm, a stroke of 111.1 mm and a swept volume of 872.5 cm 3 . The engine speed assumed constant at 3000 rpm unless otherwise stated. The fuel is assumed to be Octane with a declared calorific value of 44.3 Mj/kg.
Initial temperature of piston was considered 400K and engine simulation started with this value. In this case the piston was stationary and the material was an aluminum alloy with conductivity k = 150 W/mK, density ρ = 2790 kg/m 3 and specific heat C p = 883 J/kgK.
The temperature on the outer boundary of piston was considered 375 K as in [4] . After first simulation the temperature of piston will be modified and the program re-simulates engine cycle till results converge. The temperature of the other wall surfaces considered to be constant at 400 K as in [7] 3. RESULTS AND DISCUSSION In Figure 4 , in cylinder pressure has been shown for various compression ratios. The higher cylinder pressure with greater compression ratio could be easily seen in these figures. The higher compression ratio means compression into a smaller volume at TDC, raising the pressure and temperature at the end of compression. The maximum pressure rises from 4200 Kpa when the compression ratio is 5:1 to 10500 Kpa when the compression ratio is 11:1. These results agreed well with results obtained by Abd Alla [1] for the applicable range (Abd Alla [1] simulated the engine during closing valves period).
In Figure 5 , in cylinder work of the engine has been shown for various compression ratio. As it can be seen as compression ratio increases work done by piston increases too.
In Figure 6 , the convective heat transfer coefficient that has been calculated using equation (12) is drawn for various compression ratios. Because of the direct dependency of convective heat transfer coefficient to pressure of the cylinder, at higher compression ratios there is an obvious increment in heat transfer coefficient. Figure 7 shows effect of engine rotational speed on convective heat transfer coefficient. The convective heat transfer coefficient increases as engine speed increases. This is due to the direct dependency of the heat transfer coefficient to the characteristic velocity of gases in equation 12.
In cylinder temperature for full engine cycle is drawn in Figure 8 . Increasing pressure of the cylinder causes increment of in-cylinder temperature. But increasing the convective heat transfer coefficient, transfer this energy of fuel to the coolant and causes lower in-cylinder temperature at higher compression ratio.
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Combined simulation of spark ignition internal combustion engines and heat conduction within piston Figure 9 shows the effect of engine speed on in cylinder temperature cycle temperature. It can be seen that as engine speed increases in cylinder temperature decreases.
Using the in-cylinder thermal parameters, the boundary condition for upper boundary of piston is achieved. In Figures 10 and 11 be concluded that when the depth exceeds about 1.2 mm, for both compression ratio, an obvious transient temperature variation can hardly be seen, which means the heat conduction below this depth obeys a kind of pseudo steady rule. 
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